To test the hypothesis that there is an association between amateur boxing and chronic traumatic encephalopathy using neuropsychologic assessments.
B oxing evokes emotive and conflicting sentiments, most evident in the aftermath of rare, but well-publicized, catastrophic events. During the interim, the sport is thrown into the limelight by far more mundane events, such as the mere participation by two Australian female teenagers in an injury-free boxing bout. That contest prompted a call from the Australian Medical Association for the banishment of boxing for individuals younger than age 18 years. 1 Amendments to the regulation of boxing in New South Wales ensued, which now forbids individuals younger than age 14 years from participating in boxing. There is no prospective scientific proof of a causative link between boxing and chronic traumatic encephalopathy (CTE) or the need for more stringent regulation of the sport.
The risks of mortality and catastrophic neurologic injury in professional and particularly amateur boxing are categorically low relative to many sports. [2] [3] [4] [5] [6] [7] In acknowledgment of this, opponents of the sport cite the risks of CTE as the principal reason for their emotive call for the banishment of this "demonstration of interpersonal violence." 1 In the 1980s and 1990s, there were a number of alterations to the rules of amateur and professional boxing, and many of the previously published studies are no longer relevant. By nature, boxing studies are observational, and their power is limited. Their strength may be maximized, however, through the use of sound methodology. To date, the well-designed prospective studies of boxing have shown no association between amateur boxing and CTE. [8] [9] [10] A principal deficit in these studies has been their relatively short duration, however. The aim of the present study was to test the hypothesis that amateur boxing causes CTE, using a controlled prospective neuropsychologic study, over a follow-up period of 9 years.
MATERIALS AND METHODS

Participant Selection
A list of eligible subjects for the exposure (boxing) group was made from the complete memberships of six boxing clubs in Dublin, Ireland. The inclusion criteria were as follows: Each boxer must, at the start of the study, have competed in a minimum of 40 amateur bouts; still be actively competing or in training for competition; be devoid of any known history of cerebral injury, learning difficulties, excessive alcohol intake, drug abuse, exposure to organic solvents, positive psychiatric history, or history of major medical illness (eg, epilepsy); and be at least 16 years old. The total membership of the six Dublin clubs was 259, of which 53 (20.5%) of the boxers were eligible. Twenty of these boxers were randomly selected for the exposure group.
The control group, matched to the boxers for age, was composed of a random selection of males who were training in one of the gyms and living in the same suburb but did not spar or compete at any stage during the study. The controls were not exposed to any boxing-related trauma for the duration of the study. The controls met all the other inclusion criteria. Although they were not allowed to take part in any full contact combat sport (eg, karate, kickboxing, judo), they were allowed to take part in other contact sports (eg, any of the codes of football). The selection was made by randomly choosing a control for each boxer from among all the potential age-matched controls for that boxer. At each subsequent assessment, a complete history was retaken to determine the absence of the exclusion criteria, including excess alcohol consumption (>20 standard drinks per week or >4 drinks per day). All subjects were asked about the occurrence of any concussive episodes, and the assessment was postponed if there were any persistent symptoms. For the purposes of this study, concussion was taken to mean any posttraumatic transient neurologic impairment. All 20 boxers selected agreed to participate, whereas two of the originally chosen controls refused, citing time restraints. Two other willing controls were selected.
All subjects were in the 16-25-year-old age group at the start of the study, and all gave their informed consent. For subjects younger than age 18 years, parental consent also was obtained. The study was approved by the Dublin University Ethics Committee. None of the participants were offered monetary or other types of incentives.
Neuropsychologic Assessment
Each subject underwent the battery of neuropsychologic tests summarized in Table  1 , with measured reliability coefficients. 8 The initial assessment was performed between March and June 1992 and was repeated at the following intervals: 18 months, 4 years, 7 years, and 9 years. The assessments were performed by a sports physician with clinical training in neuropsychology who was blinded as to the boxing status of the subjects. The tests all were performed in the midafternoon, and the location used was one chosen by the subject to minimize situational anxiety. The finger-tapping tests remained unaltered throughout the study. The same version of every other test was used for all subjects at each time interval, but the specific version used was varied so that no sub-ject ever repeated a version of any test. Different number and letter positions were used for the TMTs, different number-symbol associations for the Digit Symbol test, different word linkages for the PAL, different numbers for the digit span and serial addition tests, and different complex figure designs for ROA and ROB. All tests materials were printed in black and white only.
Baseline data relating to the boxing career were recorded for each boxer, including the age at boxing debut, the length of boxing career, the current weight division, the number of bouts, the number of wins and losses, the number of knockouts suffered, and the number of bouts stopped by the referee because of blows received to the head ("RSCH" bouts). For the controls and the boxers, the age and total number of years of education (school and third level education) were recorded. At each reassessment, the career data were revised.
The boxer and his coach kept records of the number and duration of sparring sessions each week. Exposure, in terms of time spent sparring, was calculated as an average figure for each time interval and was expressed in minutes per month.
The neuropsychologic tests were performed and scored according to the standards outlined previously. [11] [12] [13] [14] [15] [16] They have been used in numerous similar studies assessing the neuropsychologic function of boxers, and their validity and reliability have been tested. 9,17-21 A modified version of the stan-dard finger tapping test (mFTT) was used in which the subject used the fourth finger of the hand being tested rather than the second finger. This test was included in the battery from 18 months onward. This modified test is of undetermined validity and/or reliability but was included in an attempt to differentiate between peripheral and cerebral causes of impaired FTT performance.
Competitive Boxing Exposure
Sparring and competitive bouts were recorded separately. Compulsory boxing licenses serve as an accurate record of each boxer's competitive career. Details recorded included the total number of bouts, the number of wins and losses, the number of RSCH bouts, and any knockout suffered. The coach and boxer recorded the number and duration of all sparring sessions, which was converted to an average figure, in minutes per month, for that period.
Education
Education was measured in total numbers of years of full-time education, or equivalent, at school and tertiary institutions.
Statistical Methods and Power Analysis
The data were analyzed using GenStat for Windows, fifth edition, and a power analysis was performed; t-tests were used to compare the two groups at each time point and the change in scores over time. Multivariate regression analysis was used to determine if there was any correlation between scores and variables of interest. A 5% level of significance was used throughout.
RESULTS
Subjects Lost to Follow up
Two of the controls were lost to followup, one at 4 years and the other at 7 years. They had both relocated, which made continuation in the study impracticable. Only one of the boxers was lost to follow-up at 4 years and was not lost through any boxingrelated injury. Of the 40 subjects initially enrolled in this study, the data from 37 of them were complete at 9 years.
Power Analysis
A clinically relevant difference between the groups was considered to be a 10% difference in score or change in score, and the probability of committing type II and I errors was chosen as 0.2 and 0.05. With a loss-tofollow-up rate of 10% at 9 years, a minimum sample size of 18 subjects per group was required.
Participation in Other Contact Sports
Twelve of the controls took part in at least one of the codes of football. Seven played Gaelic football, three played soccer, and two played rugby union. Three of the boxers also played Gaelic football, and one played soccer.
Concussive Episodes
Five of the controls and eight of the boxers reported a concussive episode. Four of the controls sustained concussions while playing Gaelic football, whereas the fifth resulted from a bicycle accident. In the boxers, six of these were related to boxing or sparring, and two were related to Gaelic football.
RSCH Bouts
Eleven RSCH bouts were recorded over 9 years. Only one of these was associated with concussive symptoms.
Neuropsychologic Test Results
The average scores of the two groups in each of the tests and at each time point are shown in Table 2 . The final column in each table is the average change in score for each of the tests over the duration of the study. For all of the tests, this is the average of differences between the scores for each subject, between baseline and 9 years, with the exception of the modified FTTs (mFTTD and mFTTND), for which the baseline is the score at 18 months. The value in the final column is not the same as the difference between the average scores of the group in each test, between the start and the end of the study on account of the subjects lost to follow up.
Career Data
Career data are summarized in Tables 3  and 4 . Boxing exposure and education are included.
Statistical Analysis
Preliminary statistical analysis was performed on all the tests using mean values for the two groups at each time point. Thse subjects lost to follow-up were included in the analysis only up to the point that their data remained complete. Analysis also was performed to determine if there was a significant difference in the level of education of the two groups.
As shown in Table 2 , significant differences were detected in FTT-D, FTT-ND, TMT-A, and TMT-B at all time points, with the exception of baseline for FTT-D, which was not significant. In all cases, the test results are higher for controls than boxers. Higher scores in the TMT-A and TMT-B indicate an inferior performance, whereas higher scores in the FTT-D and FTT-ND equate with superior performance. Figures 1-4 are graphs that plot the average scores against time for these four tests. At 9 years, the boxers' scores were significantly greater in the ROA and ROB tests ( Table 2 ). Higher scores in these latter two tests indicate superior performance. There was no significant difference between the groups with respect to the level of education.
When the changes in scores over time were analyzed, there was a significant difference between the two groups at 9 years in the ROA and ROB ( Table 2 ). As can be seen from Figures 5 and 6, scores in ROA increased initially for boxers and controls, then decreased. The decrease was more marked in the controls than the boxers, with the average score for boxers being about 1.5 times higher at time 9 years. For ROB, the scores increased for boxers and controls, with boxers increasing at a greater rate than controls. By 9 years, the average score for boxers was 1.6 times greater than the average score for controls. These were the only tests that showed a significant intergroup difference in the change in score over time. The results of this analysis are summarized in Table 5 .
Multivariate Regression Analysis
First the boxers and the controls were analyzed together, the variables of interest being whether or not the subject was a boxer (boxer), his age (age), and education (educ). Then the boxers were analyzed on their own, the variables of interest being age, education, weight (kgs), sparring frequency (sparfreq), number of years of boxing (yrsbox), number of bouts fought (bouts), percent wins (percwin), number of knockouts or RSCHs, and time. Three types of analysis were performed: (1) analysis of each the time points separately, (2) analysis of the change in scores over the duration of the study, and (3) analysis of all time points together using linear mixed models. Table 6 shows which variables were significantly associated with the neuropsychologic test scores (P < 0.05). For each sig-nificant variable, the coefficient and its standard error are provided.
Analysis of Boxes and Controls Together
On looking at the individual time points, whether or not a person is a boxer is significant with regard to the scores for TMT-A, TMT-B, FTT-D, and FTT-ND at all time points with the exception of baseline for FTT-D. In every case, being a boxer is associated with a lower score (ie, superior performance in TMT-A and TMT-B, inferior performance in the FTT-D and FTT-ND). These results are consistent with those of the t-tests.
When the change in test scores over the duration of the study were analyzed, being a boxer was significant with regard to the ROA and ROB tests. Being a boxer was associated with a greater absolute score (ie, superior performance).
On looking at all the time points together, there was a significant difference over time for TMT-B, digit symbol, PAL, ROA, ROB, and serial addition. The variable boxer also was significant for TMT-B, digit symbol, ROA, and ROB, but this was significant only for the absolute score and not the change in score over time. Table 7 shows the variables found to be significant for any of the tests. Although many variables are significant, the coefficient for these variables is small. Looking at the results that gave coefficients greater than 0.5, age, education, and number of years boxing are significant on many occasions. The boxing exposure variables number of bouts, percent wins, and sparring frequency are not significant, however. As number of years of boxing increases, the average score for TMT-B increases by 1.26 for each additional year.
Analysis of the Boxers
Summary of Statistical Analysis
The boxers' performances in TMT-A and TMT-B were better than controls at all time points. The boxers also demonstrated better performances in the ROA and ROB at 9 years. There was a deterioration in performance of the ROA test in the controls, which was not seen in the boxers. The boxers' improvement in ROA was significantly greater than that of the controls. The boxers' scores in the FTT-D and FTT-ND were significantly worse at all time points during the study except for the FTT-D test at baseline. There was no significant deterioration in their score over time, however, and their performances in the modified versions of the tests mFTT-D and mFTT-ND were not significantly different from those of the controls, and there was no significant change in scores over time. Within the boxing group, there was no sig-nificant correlation between performances in any of the neuropsychologic tests and exposure measured in term of the exposure variables-sparring frequency, number of bouts, percentage wins, number of years involved in boxing, or number of knockouts or RSCHs. Age and education were the only variables to show any significant correlation with test results.
DISCUSSION
This controlled study found no evidence of decreased neuropsychologic test performance in a small group of young competitive amateur boxers over 9 years. There was some evidence of a significantly better performance in the boxing group, relative to age-matched socioeconomic controls.
Although there was evidence of decreased performance in the boxers on the FTT tests, especially in the nondominant hand, this was not the case when the modified tests were used. As has been suggested by previous workers, 8,20 a probable confounding factor may be repetitive minor trauma to the second metacarpophalangeal joint in boxers, particularly in the hand with which the boxer leads (usually nondomi-nant). This is in keeping with the fact that no deterioration was seen when the fourth finger was used for the modified version of the FTTs. It was thought by the author that the second and third metacarpophalangeal joints may be at increased risk of repetitive microtrauma in a punching sport, whereas the fourth metacarpophalangeal joint may be at significantly less risk.
The results from the ROA and ROB tests suggest that being a competitive amateur boxer may be associated with less deterioration and greater improvement in neuropsy-chologic function. This may be related to the greater exposure of the control group to cerebral insult through participation in other contact sports, such as Gaelic football. There is also the possible influence of unknown confounding factors.
It is possible that boxers may have a particular neuropsychologic profile, such that the tasks at which they are adept were overrepresented in the battery used. The "learning effect" may be greater in the tests at which the subject is more adept, as suggested previously by the author. 8 The com- parison of each subject's scores with his baseline score controls for these interindividual differences in neuropsychologic performance.
Despite the considerable number of studies that have referred to the deleterious effects of boxing, there are no studies to support a hypothesis that boxing is a significant public health issue. In terms of mortality and morbidity in general, boxing has a safe record in absolute terms and per participant per unit of time, and this low rate continues to fall. 4, 6, 7, [22] [23] [24] [25] [26] [27] [28] In appreciation of this, medical associations and researchers have concentrated on the putative risk of CTE, or punch drunk syndrome. 29 Although previous studies have generated the hypothesis that boxing causes CTE, methodologic weaknesses are common to them all. These include the failure to distinguish amateur from professional boxing, 3 0 the lack of control groups, [29] [30] [31] [32] [33] [34] [35] [36] the almost exclusive use of retrospective and cross-sectional studies, 21, 29, 30, 33, 34, [37] [38] [39] the small size of studies, 21, 30, 35 evidence from anecdotal reports and postmortem findings, 30, [40] [41] [42] [43] [44] the selection of symptomatic boxers or boxers with a history of one or multiple knockouts, 26, 32, 33 the use of volunteers, 17 the selection of former boxers who competed when the safety regulations of the sport were less strict than today, 21, 29, 30, 37 and the selection of professional boxers who competed in an extraordinary number of fights. 30, 37 There is an almost universal absence of blinding of the researchers, statistical analysis, and statements with regard to the validity of the measurement tool. Ryan 23 summarized the literature aptly by stating that there is a significant relationship between the number of bouts fought and the presence and severity of chronic encephalopathy. This relationship cannot be assumed to be causation, and the boxers in whom this association has been found may not be representative of modern pugilists.
CTE has not been unequivocally associated with amateur boxing, and it is not unique to professional boxing. 45, 46 Studies have been conflicting with regard to the progression of the condition, and some have suggested that the condition may improve after retiring from boxing. 21, 47 The nature of professional boxing places participants at a greater risk than amateurs, and results of studies of professional boxers are not applicable to amateurs. 21, 30, 34, 38, 48, 49 Neuropsychologic assessment has been advocated as the most sensitive means of detecting early and subtle evidence of CTE, and it has been used in previous studies. 18, 19, 21 It is an investigation tool that lends itself easily to prospective research. The selection of the most appropriate neuropsychologic tests is based on previous studies of professional 30, 38, 50 and amateur boxers, 17, 19, 20, 51 studies of neuropsychologic sequelae of minor brain injury, 52, 53, 54 and experimental data. 19, 55, 56 Use of these tests on professional boxers has detected some dysfunction, especially with memory, 30, 34 and there may be an association between the abnormality and career length, 38 number of bouts, 20, 38, 57 and number of knockouts. 33 There is also a suggestion that the heavier professional weight divisions are associated with relatively greater risk of CTE. 21, 22 The neuropsychologic functions that are most often impaired are attention/concentration, reaction time, mental and motor speed, new learning, coordination and balance, planning and sequencing abilities, and judgment. 8, 9 Uncontrolled, cross-sectional studies of former amateur boxers have failed to show any neurologic dysfunction. 18, 30, 34, 38 Controlled studies of former amateur boxers have compared their performance with that of soccer players, 20, 51 whereas active amateur boxers have been compared with rugby players and water polo players, 9 track and field athletes, 20 amateur boxers in training but not sparring, 10, 17 and socioeconomic controls. 8 Prospective controlled studies have failed to find neuropsychologic deficit after a single bout, a series of bouts, or over a period of 2 years. 58, 59 Even with regard to professional boxing, there is no prospective evidence of an association with CTE.
The comparison of each subject's test scores with their baseline score controls for potentially confounding factors, such as selfselection for boxing 9 or the presence of an apolipoprotein E 4 allele. This allele may be a risk factor for the severity of the consequences of acute and chronic head trauma. 60 Through an appreciation of the weaknesses present in this study, as well as those found in previously published work, directions for future research may be proposed. The ideal prospective study would begin before the start of any sport bearing a risk of CTE. Larger numbers of subjects would be required to increase the power of the study, and a longer duration would detect more latent effects. The demanding nature of such a comprehensive study may be facilitated by the use of modern technology. Many computerized neuropsychologic batteries are available. 61 These batteries have been developed to assist the physician in making return-toplay decisions following a concussion. As such, they are not directly applicable to competitive boxing, for the mere need to implement their use would mandate termination of the contest. Before they become useful in the assessment of athletes for CTE, characterized by permanent deterioration in baseline neuropsychologic performance rather than the transient changes seen following concussion, they will have to be validated for this specific use. As the availability of data generated from computerized testing grows, they may emerge as having sufficient sensitivity and specificity to warrant their use in screening athletes for early CTE.
In this study, we tested the hypothesis that amateur boxing causes CTE, using a prospective neuropsychologic assessment of young, active, and experienced amateur boxers over a 9-year period. The study controlled for age and socioeconomic status. There was no significant difference between the study groups with regard to level of education. Although we found no association between amateur boxing and neuropsychologic evidence of CTE, there are some weaknesses in the study. The principal ones are the relatively small size of the study and the effect of unknown confounding factors. The information with regard to excess alcohol intake and concussive symptoms was dependent on the history volunteered by the subjects, and the accuracy of this information is debatable. The study participants were all relatively young, and it is possible that CTE may remain latent until later in life. It is the intention of the author to continue to follow these subjects.
Almost 75 years have elapsed since Martland's paper, 29 in which he advised that, "It is the duty of our profession to establish the existence or nonexistence of punch drunk by preparing accurate statistical data as to its incidence." The literature has failed to establish its existence, and this small, controlled, neuropsychologic study may be an initial step in proving the nonexistence of the punch drunk phenomenon in amateur boxers.
